Precise control of micromirror curvature is critical in many optical microsystems. Micromirrors with currentcontrolled curvature are demonstrated. The working principle is that resistive heating changes the temperature of the micromirrors and thermal expansion induces a controlled curvature whose magnitude is determined by coating design. For example, for wide focal-length tuning, the radius of curvature of a gold-coated mirror was tuned from 2.5 to 8.2 mm over a current-induced temperature range from 22
Micromirrors are important components in many optical systems. It has been recognized that the optical performance of micromirrors is seriously degraded by undesired mirror deformation. 1 Traditionally, precise curvature control has been difficult because coating stress and thermal expansion may cause unwanted curvature and, even if they are controlled, may not be uniform across a wafer. Therefore a method of tuning mirror curvature electrically would be of immense benefit. In this Letter, micromirrors with electrically tunable curvature are demonstrated. Joule heating changes the mirror temperature, and thermalexpansion mismatch between adjacent layers changes the mirror curvature. As will be shown, the radius of curvature of a typical mirror can be tuned over several millimeters. Dynamic shape control may be extremely useful in some applications, such as adaptive optics, 2 -4 tunable cavities, or optimizing coupling in optical cross connects. 5 Temperature changes deform multilayer micromirrors because of thermal-expansion mismatch between adjacent layers. Since the coating of a micromirror is often comparable in thickness to the mirror body itself, the thermal effects can be much stronger than in typical macroscale systems.
Thermal deformation in micromirrors was reported in Ref. 6 . For an ideal free plate, the total curvature can be written in the form
where r is the radius of curvature at elevated temperature, r 0 is the radius of curvature at initial temperature, DT is the change in temperature, and C is the determinant of an ͑N 1 1͒ 3 ͑N 1 1͒ matrix that quantifies the thermally induced curvature, 7 where N is the number of layers. The matrix relates the coeff icient of thermal expansion (CTE), elastic modulus, and thickness of each layer. The CDT term is the thermally induced curvature. Several nonidealities prohibit ideal free plate analysis from directly modeling thermal expansion in real structures. Foremost among these are the boundary conditions imposed by the mirror supports. However, in the absence of plastic effects, the thermal expansion still behaves linearly, and an empirical model 6 can be created in which fitting parameters (effective CTEs) are used to replace the bulk CTEs of each coating material. Equation (1) can still be used, with the understanding that the constant C must be determined experimentally for a given mirror geometry. As indicated in Eq. (1), if C fi 0, the mirror curvature changes with temperature. This effect can be enhanced by selection of coating materials with large differences in expansion from the mirror structural material. A detailed description of the coating design theory is given in Ref. 6 .
Since the mirror and its supports are essentially resistors, they are heated by current f low. Equating Joule heating to heat dissipation in steady state leads to
where I is current, R is resistance of the mirror, and G is thermal conductance [W/K]. Consider a 200 mm 3 200 mm 3 2 mm polysilicon mirror with a 2-mm air gap. With 2.56 3 10 24 W͑͞cm K͒ as the thermal conductivity of dry air at 20 ± C, 8 the heat dissipation would be 5 3 10 24 W͞K. Assuming 1-kV resistance, a 7.1-mA current would result in a 100 K temperature rise. With a suitable optical coating, current changes induce a tunable mirror curvature.
A schematic diagram of the devices used in this study is shown in Fig. 1(a) , and interferometric images of one of the mirrors are shown in Fig. 1(b) . The devices were piston-type micromirrors with a structural layer composed of 1.5 mm of highly doped polysilicon above a 2.7-mm air gap. The mirrors were 100 mm in diameter. Each mirror had four polysilicon beam supports coated with gold connecting it to the surrounding substrate. The beams were 300 mm in length and 20 mm in width. Current could be applied between any two supports. Experimentation showed that the performance of the mirrors was almost entirely independent of the path of the current.
Crystalline Si was the substrate for the process, and polysilicon was the material for the mirror body. Experimentation showed that the difference between the CTEs of polysilicon and crystalline Si was less than 0. mirrors were coated with various metal and dielectric materials. Gold coatings were deposited before etch release, while other coatings were deposited in the University of Minnesota Microtechnology Lab by use of electron-beam evaporation after etch release. The shape of an ideal free plate mirror resembles a spherical surface. In a real mirror, the shape deviates from a spherical surface because of boundary conditions and nonuniformity in the fabrication. For the mirrors tested, local surface roughness was the dominant deviation. Notice that since the numerical aperture of the mirrors is small (as with almost all micromirrors) there is little if any difference between a spherical and a parabolic surface.
The curvature tuning range depends on the effective CTEs of the coating materials and the mirror structural material. These effective CTEs are f itting parameters used to replace the bulk CTEs in the empirical model, and they change with device geometry. 6 From experimental results on mirrors with geometry similar to mirrors designed here, gold and Y 2 O 3 have much higher effective CTEs than polysilicon, and SiO 2 has a much lower one.
Since gold has a much higher effective CTE than polysilicon, gold-coated mirrors are expected to have a relatively large tuning range, which would be useful for applications requiring large tuning ability such as focal-point adjustment. SiO 2 ͞Y 2 O 3 coatings are useful for another type of application. Since the effective CTEs of SiO 2 and Y 2 O 3 are on opposite sides relative to that of polysilicon; therefore, mirrors with SiO 2 ͞Y 2 O 3 coatings are expected to have a relatively small tuning range, which would benefit applications requiring f ine tuning of mirror radius of curvature, such as maintaining mirror f latness. To obtain a larger tuning range in dielectric mirrors, one can add an additional layer with appropriate properties on top of the original coatings to control the coeff icient C in Eq. (1). As shown in Refs. 6 and 9, one additional coating layer on a high-ref lectivity mirror changes the phase of the ref lected light but does not significantly affect the overall ref lectivity.
We first measured an uncoated polysilicon mirror for reference and then a gold-coated and a dielectric multilayer-(three SiO 2 ͞Y 2 O 3 l͞4 pairs) coated mirror to characterize the electric tuning design. A current source was used to provide a current through the mirror, which changed the mirror curvature by Joule heating. A typical thermal constant for the mirror is roughly 2 ms, and the mirror is in steady state for all measurements. A Zygo phase-measurement interference microscope measured the surface prof iles of the mirrors at several different currents. These prof iles were used to calculate the radius of curvature and aberrations of the mirrors. Figure 1(b) shows the Zygo interferometric graphs of the dielectric-coated mirror at room temperature ͑I 0 mA͒ and elevated temperature ͑I 11.0 mA͒.
The uncoated polysilicon mirror had a f lat surface prof ile (radius of curvature, .80 mm) across all temperatures tested. The measurement results for the coated mirrors are shown in Figs. 2 and 3 . Figure 2 shows the mirror surface prof iles at room and high Fig. 2 . Surface prof iles at room temperature and elevated temperature for (a) a gold-coated mirror and (b) a dielectriccoated mirror. In (a), the gold-coated mirror started with a 2.5-mm radius at I 0 mA and def lected toward f latness with increasing current. At I 11.6 mA, the mirror had an 8.2-mm radius. The same tuning range would take a f lat mirror from an inf inite radius of curvature to one of 23.6 mm. In (b), the dielectric-coated mirror started with a 20.68-mm radius at I 0 mA. At I 11.0 mA, the mirror had a 20.64-mm radius. Mirror radius-of-curvature data were extracted from mirror surface prof iles. Also shown in the figure are the plots of estimated mirror temperature versus applied current. The relationship between mirror curvature and mirror temperature was characterized with a thermoelectric device. The result was then used to estimate mirror temperature from mirror curvature under current f low.
temperatures. The gold-coated mirror started with a 2.5-mm radius at I 0 mA and def lected toward f latness with increasing current. At I 11.6 mA, it had an 8.2-mm radius. With Eq. (1), the same tuning range would take a f lat mirror from an infinite radius of curvature to one of 23.6 mm. The dielectric-coated mirror started with a 20.68-mm radius at I 0 mA and had a 20.64-mm radius at I 11.0 mA. The large curvature and small tuning range of the dielectric-coated mirror are particularly useful for microscale confocal cavities, which is the target application of these structures. During early work, some mirrors were damaged by excessive heating, and we chose the specific maximum currents here to avoid such damage while maintaining a reasonable tuning range. Figure 3 shows the plots of mirror radius of curvature versus applied current for the gold-coated mirror and the dielectric-coated mirror. The mirror radius of curvature data shown in Fig. 3 was calculated from mirror surface prof iles. Figure 3 also shows the plots of estimated mirror temperature versus applied current. A thermoelectric device was used to characterize the relationship between mirror curvature and mirror temperature in thermal equilibrium. The result was then used to estimate mirror temperature from mirror curvature under current f low in steady state. Since the conditions are not identical, the temperature data shown in Fig. 3 are only estimates. In both mirrors, astigmatism and coma are less than 0.1 wavelength at l 633 nm, compared with a spherical surface over the entire plot range.
The radius-of-curvature versus temperature results showed good repeatability in both short and long term. The applied current was cycled from 0 to the maximum current shown in Fig. 3 , then back to 0 several times, and the results were the same within experimental error. Samples tested and set aside for more than six months yielded the same quantitative results when measured again.
Micromirrors with electrically tunable curvatures have been demonstrated in this Letter. Currentcontrolled curvatures in a gold-coated mirror and a dielectric-coated mirror were characterized. Metal and dielectric coatings have the potential for a large tuning range and f ine tuning control, respectively. The radius of curvature of the gold-coated mirror was tuned from 2.5 to 8.2 mm over a current-induced temperature range from 22
± to 72 ± C, and that of the dielectric-coated mirror was tuned from 20.68 to 20.64 mm over a temperature range from 22
± to 84 ± C. These results show that the proposed method is promising for many optical microsystems requiring precise curvature control and dynamic shape control.
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